Meteoroid behaviour during atmospheric interaction provides clues about the strength and density of cometary disintegration products, establishing a bridge between different research fields. We have estimated the strength of cometary meteoroids by studying meteor ablation light curves measured accurately from multiple-station meteor observation programmes. Our approach assumes that the typical height for meteoroid fragmentation is associated with the peak of meteor luminosity. The strength of cometary meteoroids is independent of the entry velocity and very similar for cometary streams with similar ages. Meteoroids from periodic comets have typical strength of ∼10 4 dyn cm −2 . The only exception among the studied comets is the extremely fluffy particles from 21P/Giacobini-Zinner that exhibit ∼4×10 2 dyn cm −2 . Finally, evolved bodies, e.g. 2P/Encke and 3200 Phaeton, release the toughest meteoroids. We suggest that the main physical difference between cometary particles reaching the Earth from several sources could be a different degree of compaction arising from different physical processing of cometary nuclei by collisional processes, thermal and, perhaps, aqueous alteration. Meteor data suggest that highly processed cometary nuclei produce the meteoroids with the largest tensile strength values while 'pristine comets' are producing meteoroids with the lowest strength values characteristic of bodies with a low degree of compaction.
I N T RO D U C T I O N
It is thought that comets are pristine objects in the Solar system that played an important role in the delivery of organic compounds and volatiles to the Earth (Oró 1961; Delsemme 1982 Delsemme , 1992 Delsemme , 2000 Chyba & Sagan 1992) . These bodies formed outside the so-called frost line at 5 au to distances beyond 100 au. Two important comet reservoirs have been identified. The first one (Kuiper Belt) is located between 30 and 50 au from the Sun (or even further) and is composed of bodies with low inclinations. The second one was theoretically proposed by J. H.Öort in order to explain the continuous and random appearance of long-period comets (Öort 1950) . The composition and physical properties of comets will depend on the particular chemistry and processes suffered at the regions where they formed. We expect variable degrees of compaction as a result of collisional processes, aqueous and thermal alteration and irradiation as a function of heliocentric distance. Whipple (1950 Whipple ( , 1951 suggested that fragile dust aggregates in comet nuclei are embedded E-mail: trigo@ieec.fcr.es in porous ices. This fragile 'dirty-ice' structure, for these km-sized bodies that formed in the outer part of the nebula, has found wide acceptance (see e.g. Donn 1991; Yamamoto 1991; Levasseur-Regourd 1992; Mumma, Weisman & Stern 1993; Ehrenfreund, Charnley & Wooden 2004; Weissman, Asphaugh & Lowry 2004) . Following the comet Halley fly-by missions, a variety of other, different comet nucleus models have been proposed (for a review see e.g. Weissman et al. 2004) . The rubble pile model offers a plausible explanation for the observed jetting activity in comets 1P/Halley (Keller et al. 1986 ), 19/P Borrelly (Oberst et al. 2004; Soderblom et al. 2004 ) and comet Wild 2 (Brownlee et al. 2004 ). In such structures, components ∼100 m in size could be weakly bonded or only held by self-gravity (Weidenschilling 1997 (Weidenschilling , 2004 Sirono & Greenberg 2000; Weissman et al. 2004) . These properties are the expected by collisional coagulation driven by differential motions due to gas drag in the solar nebula. The radial migration mixes bodies of different sizes formed at different heliocentric distances (Boss 2004) . Weidenschilling (1997) found that comets are probably rather well compacted at metre scale as consequence of the higher impact velocities in this range of sizes. However, ∼100-m subunits would be subjected to lower impact velocities during accretion. The present physical properties would be inherited from the formation conditions of these bodies in the outer part of the solar nebula. An individual comet could be a purely dirty snowball or an extreme rubble pile without 'Whipple glue', in reality a comet will have intermediate properties that are a mixture of these end-members whereby we cannot predict the length scale of 'mixing', be it the entire nucleus or not.
Insight into the small-scale structure of comets (up to a few metres) can be obtained from the study of meteors from meteoroids with different strength and orbital elements. For example, Jacchia (1958) and Ceplecha (1958) identified three populations of meteors that exhibit low strengths and have orbital elements that are clearly associated with comets. Verniani (1969 Verniani ( , 1973 and Millman (1972) found that most of the sporadic meteoroids of cometary origin are highly porous. The fragility of cometary meteoroids is clearly consistent with cometary fragmentation events occurring even at large heliocentric distances, characteristic of extremely crumbly structures (Sekanina 1982) . Such events provide clues to the extremely low tensile strengths of cometary nuclei, estimated to be between several times 10 3 and 10 5 dyn cm −2 (Donn 1963; Donn & Rahe 1982) . For tidally disrupted Sun-grazing comets, typical strength is 10 2 -10 4 dyn cm −2 (Sekanina 1984; Klinger, Espinasse & Schmidt 1989) . Additionally, from the study of D/Shoemaker-Levy 9 fragmentation has been derived that, at least for scales comparable to a kilometre, its strength was <10 3 dyn cm −2 (Sekanina, Chodas & Yeomans 1994; A'Hearn 2004) . These characteristics are consistent with the behaviour of cometary meteoroids that typically fragment in the upper atmosphere at similar aerodynamic pressures. Additional clues about the nature of cometary meteoroids can be obtained from the study of ballistic aggregation experiments (Krause & Blum 2004) . By putting all these observations together, cometary meteoroids may be simplified as formed from fractal aggregates with extremely high porosity.
These predictions cannot be directly tested yet in cometary samples arrived to terrestrial laboratories because fragile bodies are probably unable to survive atmospheric passage and are likely not represented in meteorite collections (Campins & Swindle 1998) . In fact, a few estimations of the bulk density of comets are currently available. Some reported values of bulk densities for comets are between 0.2 and 1.2 g cm −3 for 1P/Halley (Rickman 1989; Keller 1990) , and 0.4 ± 0.3 g cm −3 for 9P/Tempel 1 (Richardson & Melosh 2006) . The estimated densities are around 0.5 g cm −3 although a rendezvous mission will be necessary to estimate physical properties with accuracy. Recent stardust mission to comet 81P/Wild 2 has brought cometary matter to the Earth (Brownlee et al. 2000) , but even when additional spacecraft missions will be successful, the number of targeted bodies will be very restricted. Fortunately, a large diversity of comets and asteroids can be studied through their disintegration products. In this sense, remote studies of meteors provide valuable data on the properties of meteoroids, although we need to figure out how representative these particles are of their parent body. We think that a comparative analysis of the strengths for different meteoroid streams as presented here can provide new clues.
In this paper, we will focus on the study of the strength of cometary meteoroids in order to gain insight into their physical properties. Greenberg & Li (1999) and Greenberg (2000) remarked the important difference between cometary particles and interplanetary dust particles (IDPs) and hypothesized about their structures. Determination of meteoroids strengths may provide us valuable information about the particles' structure and physical processes that they suffered since accretion. Cometary particles are assumed to be a significant component of the IDP flux into the Earth, although the precise fraction is unknown, and the identification is difficult (Brownlee 1985; Jeffers et al. 2001; Rietmeijer & Jenniskens 2000; Rietmeijer 2002a,b,c; Wooden 2002 ).
M E T H O D O L O G Y: D E T E R M I NAT I O N O F S T R E N G T H
By considering a free molecular flow and measuring the meteor height over the terrestrial surface, we can estimate the mechanical stress suffered by the meteoroid at every point (Bronshten 1981; Brownlee 1985) . Accurate multiple-station observing programmes are required to measure meteor heights. The maximum mechanical strength is directly related to the tensile strength of the material. Basically, the tensile strength can be defined as the maximum amount of tensile stress that it can be subjected to before it breaks. We have estimated the aerodynamic strength (S) in the literature of cometary meteoroids by using the equation given by (Bronshten 1981 )
where ρ atm is the atmospheric density at the height where the meteoroid breaks up and v is the velocity of the particle at this point. If the density is given in kg m −3 and the velocity in m s −1 , the strength is given in dyn cm −2 . Verniani (1969) and Wetherill & ReVelle (1982) first applied this equation for determining mechanical stresses and reached valuable conclusions. For example, Verniani (1969) pointed out those meteoroids following typical cometary orbits fragment when the pressure exceeds 2 × 10 4 dyn cm −2 . However, large cometary meteoroids are tougher and typically disrupt at atmospheric pressures of 10 5 -10 6 dyn cm −2 as pointed out (Wetherill & ReVelle 1982) .
Following these ideas, we have made a search in the literature in order to obtain accurate trajectory and velocity data of meteor showers. From these data, the tensile aerodynamic strength can be estimated with accuracy. In our approach, we assume that the main cause for fragmentation of small meteoroids in the atmosphere is aerodynamic stress, although thermal stress can also play an important role. Not all data currently available are valid for estimating the aerodynamic strength because it is required to know exactly the height where the meteoroid fragments. We know that for small meteoroids this instant is associated with a sudden increase in the meteor luminosity that is produced immediately after the break up. As a consequence of the quick release of dust grains, the effective cross section of the meteor increases and also the mass available to be ablated, increasing the luminosity. For comparison purposes, we have also studied the maximum strength that the particles suffer before complete ablation.
Our search in the literature for data about the height of maximum luminosity was only partially successful. Most of the International Astronomical Union Meteor Data Base (IAUMDB) observations do not provide values of height of shower meteors, neither for the maximum luminosity. Fortunately, the meteor survey of the Dutch Meteor Society has obtained very accurate meteor data with detailed information about the height of the maximum luminosity (Betlem et al. 1997 (Betlem et al. , 1998 . It is important to note that not all meteors evidence such abrupt increases in luminosity because some of them show quasi-continuous ablation patterns. The luminosity curves for these meteors are very regular and, consequently, the determination of the height of maximum luminosity is difficult. Those particular cases were excluded. We have used these data and also meteor data obtained from multiple-station meteor programmes from the Spanish Photographic Meteor Network (SPMN) Table 1 . Initial data from where the averaged strength (S) value was derived for each stream. The data columns are the stream's name, the typical height for main fragmentation (H frag ) and end of the meteors (H end ), the averaged velocity (V obs ), the atmospheric density for those heights (ρ frag and ρ end ) and the number of trajectories studied (N) in order to obtain the average in each case. The errors are calculated as standard deviations of the values. We have also included sporadic meteoroids in two groups of velocities: 40-50 and 50-60 km s −1 . Their high velocities suggest a cometary origin. The errors in the strength were obtained by using the method of partial derivatives. (Fujiwara et al. 2001 ).
We examine the simplest scenario consisting in the application of equation (1) to the averaged values of the height of shower meteors considering the observed velocity and the atmospheric density at the brightest point of the trajectory derived from the US standard atmosphere (NOAA 1976) . We have used the observed velocity rather than the geocentric one because we are dealing with the effect of stress produced by the collision of the meteoroid with atmospheric components. For small meteoroids, the deceleration is not very important and the velocity does not suffer important changes. In this study, large fireballs have been removed. The points with error bars are the estimated strengths for fragmentation. The arrows over the different streams' points show the typical ablation region until the typical end of the meteor path in every meteor shower (marked as a horizontal bar). Such value gives an estimation of the dynamic strength for the toughest particles contained in the meteoroid. Note that typically the sporadic (SPO) particles with high entry velocities (suggesting cometary origin) have typical disruption strengths of 10 4 dyn cm −2 . Below this value are probably young fluffy meteoroids as for the case of CAP, LEO and ORI. Finally, GIA are exhibiting extremely low strengths. It is remarkable that particles coming from old streams (TAU, GEM and QUA) associated with parent bodies exhibiting low or null cometary activity have the highest strengths. A question remains: are these bodies releasing tougher meteoroids from inner layers or is it an aging effect?
R E S U LT S
The results of the calculations are shown in Table 1 . For the averaged height of main fragmentation (H fr ), the atmospheric density was compiled from NOAA (1976). By using this density and the observed velocity (V obs ), the strength was derived. The errors are calculated as the standard deviations of the values. We have also included sporadic meteoroids with high velocities (of probable cometary origin) in two groups of velocities: 40-50 and 50-60 km s −1 . The errors in the strength were obtained by using the method of the partial derivatives.
From the data shown in Table 1 , we obtained Figs 1 and 2. In Fig. 1 , the strength for different cometary streams is plotted as a function of the observed velocity of the meteoroids in km s −1 . We can see that most of the streams have meteoroids with typical strengths of about 10 4 dyn cm −2 . Below this limit, the meteoroids belonging to periodic comets such as 55P/Tempel-Tuttle (LEO), 1P/Halley (ORI) and 45P/Honda-Mrkos-Pajdusakova (CAP) are found. Surprisingly, 21P/Giacobini-Zinner (GIA) meteoroids exhibit extremely low strength (∼10 2 dyn cm −2 ). In Fig. 2 , the bulk densities of cometary meteoroids obtained by Babadzhanov (2002) are plotted versus the strengths derived in this work. A good correlation between the strength and the meteoroid bulk density is shown, although some density values should be used with caution because they are based on only a few meteoroids (see table 1 
D I S C U S S I O N : T H E S T RU C T U R E O F C O M E TA RY B O D I E S I N F E R R E D F RO M M E T E O RO I D P RO P E RT I E S
Important clues about the meteoroid structure may be obtained from a fireball network research, but until now the implications of these results on the structure of their parent comets have been scarcely explored. By studying the ablation behaviour of meteoroids in the Earth's atmosphere, Ceplecha & McCrosky (1976) defined four fireball classes named I, II, IIIa and IIIb. These classes basically differ in terms of the beginning height of the ablation process, bulk density and ablation coefficient. In this work, we have studied meteors that would be associated with classes IIIa and IIIb. They are expected to have low bulk densities below 1 g cm −3 and exhibit high ablation ability (Ceplecha & McCrosky 1976; Ceplecha et al. 1998) . Typical cometary shower meteoroids belong to class IIIa, but some cometary streams exhibiting lower strength are producing IIIb fireballs. Two examples of comets with weak materials are the 21P/GiacobiniZinner or the 7P/Pons-Winnecke. Such low densities are likely explained if the parent bodies are very pristine, with low degrees of compaction. Laboratory experiments suggest that high-porosity meteoroids are formed by ballistic aggregation that produces low degrees of compaction (Blum & Schräpler 2004; Blum et al. 2006 ).
In this context, it is important to recall that Wetherill & ReVelle (1982) found important differences in the strength of members of the same meteoroid streams. This evidence would support the rubble pile model of comets. However, the full picture is complicated because space weathering processes over long time-scales can contribute to the removal of fluffy meteoroids, as has been recently pointed out (Borovička et al. 2005) . It introduces a bias in the meteoroid populations of old streams towards the toughest particles.
Determination of physical parameters as strength, density and porosity can provide additional clues. Gustafson & Adolfsson (1996) demonstrated that, in favourable cases, the bulk density and porosity of meteoroids during atmospheric flight can be estimated. By using the data obtained during ablation of the European Network type IIIb bolide (EN 71177) they estimated a bulk density of 0.26 g cm −3 . From this result, they obtained the packing factor by calculating the ratio between the density of the compact material of chondritic composition (assumed to be ρ c = 2.4 g cm −3 ) and the bulk density. They concluded that the meteoroid had a mass of ∼700 g and a porosity of ∼88 per cent. This value is in full accordance with the maximum values of porosity estimated for cometary IDPs (Rietmeijer 1998 (Rietmeijer , 2004 Flynn 2004) . If high-porosity values for type IIIb meteoroids are considered, some extremely low strength values for Giacobinids and Leonid meteoroids in Fig. 2 would be explained. We think that those meteoroids would be fluffier (less compacted) than others associated with other streams. Rietmeijer (2004) proposed the existence of a correlation between the ablation height, the bulk carbon content and the degree of hydration of meteoroids. Probably, the only difference between extremely porous meteoroids (producing type IIIb meteors) and the rest of the cometary meteoroids is their different carbon content and the degree of aqueous alteration. The data derived from the height of ablation suggest that the Giacobinid meteoroids are rich in highly volatile phases (which may be related to organics). Table 1 shows that Giacobinid meteoroids fragment in an extremely short altitude interval of 98 ± 2 km. This value represents the highest altitude of fragmentation for all cometary showers, and the smallest standard deviation for meteoroid fragmentation (only 2 km), suggesting that the range of temperatures necessary to ablate the interstitial material that is sustaining the mineral grains is very restricted. This could suggest that fragmentation is mainly produced by the ablation of a very volatile interstitial material. This shower is an excellent target to detect organic compounds in meteoroids by using meteor spectroscopy in future campaigns. Large variations in the standard deviations of other cometary meteoroid streams (Table 1) could be explained by a large heterogeneity in the composition of the interstitial material.
In our picture, fine-grained porous material composed of a mixture of ices, organics and dust forms the outer parts of pristine comets. The upper ice 'layers' would be extremely porous, being formed by small aggregates leaving the comet as millimetre to submetre pebbles. Under frequent perihelion transits, they will lose substantial amounts of ice in every revolution around the Sun. In fact, the evolved structure of these bodies is probably not homogeneous with important changes in porosity with depth (Prialnik 2000) . High-porosity bodies would be accreting other meteoritic materials since their formation and then developing a rubble pile internal structure. Consequently, comets that lost the outer 'layers' would be releasing tough materials. Such a picture could account for the presence of tough meteoroids from evolved 'comets'. Taurids and Geminids have meteoroids with higher strengths than those estimated for the rest of cometary meteoroids (Fig. 2) . There is increasing evidence for a cometary origin of 3200 Phaeton, the parent body of the Geminid meteoroid stream, as was described in detail by Trigo-Rodríguez et al. (2005a) . On the other hand, Jenniskens (2005) The results on meteoroid strengths presented here are suggesting that the present 'steady state' distribution of comets is mainly formed by evolved bodies. We have presented here results on meteoroids typically smaller than a centimetre in diameter, but largest bodies (producing bright fireballs) have higher ability to enter into the atmosphere. The main problem in the study of largest meteoroids is that the ablation pattern is much more complicated and the number of studied cases is not always statistically significant. The presence of tough meteoroids in these three streams could have additional explanations. In the rubble pile model, we would expect finding different kind of materials with higher strengths, and consequently survival of materials from cometary streams (Borovička, Spurný & Koten 2002) . It would also be a consequence of 'aging' experienced by the particles in the interplanetary medium under the influence of spaceweathering effects and, consequently, the particles could move little bit towards the top in Fig. 1 . However, the overabundance of 'moderately old' sporadic meteoroids with a typical strength of ∼10 4 dyn cm −2 supports the presence of different populations as expected from the rubble pile model. In any case, moderately old meteoroid streams are suffering collisional processes that bias the distribution towards the toughest particles (Trigo-Rodríguez, Betlem & Lyytinen 2005b ).
C O N C L U S I O N S
Accurate measurements of the meteor luminosity as a function of height from multiple station observations can provide important clues on the strength of cometary meteoroids. The simple approach considered here, i.e. that the maximum luminosity is associated with the particle break up, provides consistent results. By studying the tensile strength of cometary meteoroids is possible to obtain information on the structure of cometary bodies and their fragments. In this work, we have reached the following conclusions.
(i) The strength of meteoroids coming from evolved cometary bodies is higher than that associated with young objects. This can be explained because old comet nuclei likely release hydrated and compacted materials while young comets release low compacted materials from their moderately primitive (non-compacted) surfaces.
(ii) Love, Joswiak & Brownlee (1994) pointed out that large meteoroids with porosity over ∼70 per cent are rare in stratospheric collections of IDPs. This is probably related to the fact that highly porous meteoroids (those producing type IIIb meteors) are also rare in the top of the atmosphere. Survival of sporadic meteors with such fluffy structures is difficult over long time-scales. In fact, among the studied streams, only the Giacobinid stream (produced by 21P/Giacobini-Zinner) has an extremely low strength of 5 × 10 −2 kPa. This supports the idea that most of the comets producing meteoroid streams are moderately compacted (thermal and/or aqueously altered) during continuous revolutions around the Sun. Only a few comets in the present population would preserve the porosity of a pristine, unaltered body.
(iii) The structure and physical properties of cometary meteoroid streams suggest that the rubble pile model is essentially appropriate for comets, which are obviously further modified by different physical processes as function of age. Meteoroid data suggest that outer layers exhibiting high-porosity aggregate properties would remain only in unaltered bodies. Altered short-period comets (e.g. 2P/Encke and the presumably inactive 3200 Phaeton) after continuous heating in perihelion passages produce more compacted materials, which originate centimetre to submetre pebbles and boulders. These meteoroids exhibit higher strengths than those ejected from longer period comets (e.g. 1P/Halley, 45P/HondaMrkos-Pajdusakova, 55P/Tempel-Tuttle and 109P/Swift-Tuttle), probably because they are originated from the inner part of their cometary cores.
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